Background: ISCR1 is an important mobile genetic element mediating the transfer of antibiotic resistance genes. Genetic diversity regarding distribution and copy numbers of ISCR1 within a bacterial population derived from an ancestral strain, which may reflect the degree of genetic plasticity conferred by such an element, has not been studied.
Introduction
Plasmid-mediated quinolone resistance (PMQR) determinants, such as qnr, oqxAB and aac(6 0 )-Ib-cr, are important mediators of resistance to quinolones in Gram-negative bacteria, posing a worldwide public health concern.
1 PMQR genes qnrA, qnrB, qnrS, qnrC, qnrD and qnrVC are known to encode pentapeptide repeat proteins, which inhibit binding of quinolones to DNA gyrase and topoisomerase IV. 1, 2 Worldwide dissemination of PMQR genes is mainly facilitated by various plasmid-borne ISs. ISCR1, which is an IS91-like element often structurally related to integrons, is always associated with PMQR genes, especially the qnr genes like qnrA and qnrB, which are often embedded in complex class 1 integrons. [3] [4] [5] Previously, duplicated ISCR1 elements surrounding the qnrB gene and ISCR1-qnrA1 in tandem repeats have been reported. 1, [5] [6] [7] Furthermore, ISCR1-bla NDM-1 segments were found to exist in three tandem repeats in plasmids. 8 This phenomenon indicates the importance of ISCR1 in amplification and transmission of resistance genes. However, the underlying basis of genetic polymorphisms and variation in copy number of ISCR1-qnr observable among various resistance-encoding plasmids has not been investigated previously.
The greatest hurdle in the study of genetic polymorphisms of ISCR1-qnr segments or other large resistance-encoding regions is the difficulty of obtaining the complete sequences of such genetic fragments by traditional WGS technologies, which generate short reads. 9, 10 Emergence of third-generation sequencing technologies, however, offers the possibility of studying the complex MDR region even from the perspective of a single molecule. Traditionally, 'plasmidome' refers to the plasmids present in a specific environment. 11, 12 It is well known that plasmids can be mosaic and plastic in structure in bacteria. We speculate that plasmid diversity in all populations of one bacterial strain, termed an 'atypical plasmidome', is the prototype of the canonical plasmidome from the environment. In this study, we utilized plasmids with different copies of ISCR1-qnrB6 as the study paradigm of an atypical plasmidome and analysed the large MDR region with multiple copies of tandem repeats by resolving the sequences of single plasmid molecules by MinION nanopore long reads.
Materials and methods
Bacterial strain and antimicrobial susceptibility testing Salmonella London Sa128 was isolated from a pork sample from a supermarket during a foodborne pathogen surveillance project in 2015 in Shenzhen, China. Identification of this strain was performed by MALDI-TOF and PCR assay targeting the invA gene. The serotype of the strain was confirmed using commercial antiserum (Difco, Detroit, MI, USA) based on the Kauffmann-White scheme. MICs of different antimicrobials (Table S1 , available as Supplementary data at JAC Online) were determined using the agar dilution method as recommended in CLSI guidelines. 13 PCR, conjugation and S1-PFGE PMQR genes were screened by PCR using primers described previously. 14 Transmission of quinolone resistance-encoding elements was detected by conjugation assay with a filter mating method using Escherichia coli J53 (sodium azide resistant) as the recipient strain. Transconjugants were selected on LB agar supplemented with sodium azide (100 mg/L) and ciprofloxacin (0.5 mg/L). Plasmid profiles of the donor and transconjugant strains were identified by S1-PFGE.
Analysis of plasmidomes based on sequencing data
Total plasmid samples of strain Sa128 and the corresponding transconjugant Sa128T were extracted using a Qiagen Midi Plasmid Kit. The two samples were sequenced with three different platforms, comprising Illumina, the PacBio RS II single-molecule real-time (SMRT) sequencing platform and the Oxford Nanopore Technologies (ONT) MinION platform. Paired-end libraries were constructed and sequenced with a 300 cycle Illumina NextSeq 500 Kit. Sequencing reads were assembled de novo with the SPAdes 3.5 tool. 15 Size-selected 20 kb libraries were constructed and sequenced using the PacBio platform. The hierarchical genome assembly process (HGAP, Pacific Biosciences) was utilized to perform de novo assembly. A Rapid Barcoding Sequencing Kit was used to construct the libraries sequenced in a MinION device as previously reported. 16 The long reads were demultiplexed and analysed further with various tools to evaluate the structures of plasmids. The Easyfig and BRIG tools were used to compare and visualize the structures of plasmids and long reads. 17, 18 The long-read analysis workflow is described in Figure S1 .
Accession number(s)
Because plasmids pSa128 and pSa128T only differ in ISCR1-qnrB6 copy numbers and demonstrate plasmid heterogeneity in their respective hosts, only the dominant type of plasmid pSa128 with four copies of ISCR1-qnrB6 was deposited in the NCBI database (NCBI GenBank accession number MG870194). Other heterogeneous plasmid structures are available as raw reads shared in figshare for reference (https://figshare.com/s/ e6798ede8a7fbdb8333be).
Results and discussion

Genetic characteristics of strain Salmonella London Sa128
Strain Salmonella London Sa128 was resistant to multiple antimicrobials, including streptomycin, tetracycline, ampicillin, trimethoprim/sulfamethoxazole, olaquindox, nalidixic acid and ciprofloxacin (Table S1 ). PCR assay of known PMQR genes followed by Sanger sequencing showed that this strain was positive for qnrB6. The quinolone-resistant phenotype was confirmed to be conferred by qnrB6 in a conjugation experiment in which a quinolone-resistant transconjugant, Sa128T, was produced. S1-PFGE revealed the existence of a plasmid (104 kb) in Sa128. Another plasmid (138 kb) larger than the original one in Sa128 was identified in Sa128T ( Figure S2 ). This phenomenon indicated that the plasmid harbouring qnrB6 had undergone recombination or other genetic alteration events. Similar phenomena in which co-integration of plasmids occurred because of intermolecular or intramolecular interaction mediated by IS26 had previously been reported. 19, 20 To probe the genetic environment of qnrB6 and the genetic basis of plasmid size alteration, the plasmids recovered from strains Sa128 and Sa128T were subjected to WGS by both short-and long-read sequencing technologies.
Structures of qnrB6-bearing conjugative plasmids
With Illumina sequencing reads, the complete plasmid sequence could not be obtained. The PacBio platform was then used in an attempt to complete the plasmid sequences; however, de novo assembly still could not produce complete sequences of the plasmids in Sa128 and Sa128T in circular form. After annotation, it was found that there were multiple copies of ISCR1-qnrB6 segments among the terminal regions of the two plasmid contigs assembled from PacBio reads, which made it impossible to assemble the plasmid sequence based on the 20 kb libraries (Figure 1 ). The length of the PacBio read was less than that of the MDR repetitions. To solve this problem, MinION nanopore long reads were generated and analysed ( Table 1 ). The plasmid in Sa128 was designated pSa128 and assembled in circular form with Unicycler; 21 however, the plasmid in Sa128T, which was designated pSa128T, was still in linear form, indicating either that even nanopore long reads could not cover the whole repetition region or there were different repetition structures in the sample.
Upon annotation of pSa128 with the RAST tool, 22 pSa128 was found to contain a large MDR region of 68 kb in length, which accounted for half of the plasmid sequence ( Figure S3 ). The backbone of the plasmid contained genes responsible for conjugation, replication and partition, and other plasmid maintenance functions. Online BLASTN analysis indicated that no similar plasmid had been reported previously (.80% similarity) and that only a few plasmids exhibited a similar backbone structure, indicating that it was a relatively novel conjugative MDR IncF plasmid ( Figure S3 ). In the MDR region, there were .10 resistance genes; in addition, a complex class 1 integron with four copies of ISCR1-qnrB6 and other resistance genes surrounded by various mobile elements, including IS903, IS26, ISCR1, IS6100 and ISCfr1, were also found ( Figure S3 ). It should be noted that although pSa128
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was assembled successfully, it exhibited genetic heterogeneity with variation in the copy number of ISCR1-qnrB6 [copy number variations (CNVs)].
Plasmid polymorphisms mediated by ISCR1-qnrB6 CNVs
As the sizes of pSa128 and pSa128T were different and incomplete assembly of pSa128T was characterized by the existence of multiple copies of ISCR1-qnrB6 in the terminal regions, we proposed that a difference in copy numbers of ISCR1-qnrB6 in pSa128 and pSa128T resulted in the altered size of pSa128T. To test this hypothesis, nanopore long reads, some of which might harbour the complete ISCR1-qnrB6 region, were extracted and analysed directly (Table 1 and Figure S4 ). Nanopore raw fasta reads .30 kb were selected and the chromosomal contamination reads were screened out by matching against the pSa128 reference plasmid via BLASTN. To check the copy number of ISCR1-qnrB6 in each read, two boundary marker genes, aadA16 and the N-acetyltransferase gene (Figure 2) , were used to filter out reads not spanning the ISCR1-qnrB6 region. In the pSa128 sample, 29 real plasmid reads covering the whole ISCR1-qnrB6 region were obtained out of 197 reads .30 kb. Surprisingly, 22 out of 29 reads were found to Nanopore sequencing detects MDR structural variants in bacteria JAC harbour four copies of ISCR1-qnrB6, one read had five copies, three reads contained three copies, two reads had two copies and one read had one copy. Observation of these CNVs of ISCR1-qnrB6 highlighted the heterogeneous nature of plasmids in a bacterial population of a single clone. Five reads .100 kb were analysed by comparing with plasmid pSa128, with results indicating that the five reads nearly covered the entire plasmid and that ISCR1-qnrB6 repeats were scattered among the reads (Table S2 , Figure S4 and Figure S5 ). This phenomenon indicated that there were various plasmid architectures with different ISCR1-qnrB6 arrangements in members of the population of a single clone, rendering it difficult to further investigate through the de novo assembly approach. In the pSa128T sample, the copy numbers of ISCR1-qnrB6 ranged from 1 to 10 among the 27 reads, covering the entire ISCR1-qnrB6 region out of 516 plasmid reads .30 kb. Based on the rough sizes of pSa128 (104 kb) and pSa128T (138 kb) estimated by S1-PFGE, there may be 6 more copies of ISCR1-qnrB6 in pSa128T, resulting in 10 copies of ISCR1-qnrB6 (54 kb) in total for most plasmid molecules. Even for nanopore long reads, this large repeated region (54 kb) was difficult to cover completely, hence only one read containing nine copies of ISCR1-qnrB6 was identified intact after screening all the long reads ( Figure 2 ). Based on these observations, we propose that pSa128T had various copies of repeats and that most of the long reads were terminated with ISCR1-qnrB6 repeats, rendering it impossible to perform complete assembly of pSa128T. All the 516 plasmid reads were tested with ISCR1-qnrB6 repeat numbers, with the result that 353 out of the 516 reads were positive for ISCR1-qnrB6 repeats, the copy number of which ranged from 1 to 13. It should be noted that reads with copy number from 10 to 13 were terminated with the ISCR1-qnrB6 repeats, at least in one terminus, which indicated these reads may harbour more copies. CNV of the resistance gene bla NDM-1 was reported previously. 23, 24 The detection method was based on qPCR with the total DNA population as templates. The CNVs of resistance genes in a single bacterial cell or a single plasmid molecule were impossible to resolve with the traditional qPCR method. With nanopore long reads, it is feasible to conduct quantification of resistance genes and determination of MDR architectures at single-molecule resolution. The workflow described herein will benefit the future study of MDR complex structures in pathogens.
Conclusions
With the advent of sequencing technologies and implementation of WGS techniques in genetic analysis of MDR pathogens, an increasing number of resistance gene-bearing structures are being identified. Likewise, complex MDR structures are being resolved because of improved structure resolution of sequencing long reads. In this study, novel complex MDR structures were delineated by Illumina, PacBio and ONT technologies. The strategy is feasible for resolving complex DNA structures including MDR-coding regions with CNVs. The findings also highlight the importance of MDR duplications in mediating genetic plasticity of bacterial pathogens; further studies are warranted to investigate the underlying mechanisms concerned. Importantly, the atypical plasmidome harbouring complex MDR structures in bacterial populations should be the subject of more studies to investigate the evolution of MDR plasmids within a specific bacterium. Tables S1 and S2 and Figures S1 to S5 are available as Supplementary data at JAC Online.
Supplementary data
In addition, the raw fasta reads are shared in figshare for reference (https:// figshare.com/s/e6798ede8a7fbdb833be; doi: 10.6084/m9.figshare.5709760).
